We use the GALEX data of the GUViCS survey to construct the NUV luminosity function of the Virgo cluster over ∼ 300 deg.
Introduction
The environment plays a fundamental role in shaping galaxy evolution. Since the seminal work of A. Dressler in the eighties it became evident that galaxies in rich environments are systematically different than those located in the field. They are generally quiescent ellipticals and lenticulars, in contrast to the dominant population of star forming disc galaxies along the cosmic web (Dressler 1980; Binggeli et al. 1988; Whitmore et al. 1993; Dressler et al. 1997) . At the same time it became clear that the physical properties of the star forming systems inhabiting rich environments such as clusters and groups are also systematically different than those of their isolated analogues, ⋆ Table A.1 is available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr(130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/ with a reduced gas content and activity of star formation (e.g. . Several physical processes have been proposed to explain the origin of these differences. They can be divided in two main families, those related to the gravitational interactions between galaxies or with the potential well of the cluster (tidal interactions -Merritt 1983; Byrd & Valtonen 1990 , harassment -Moore et al. 1998 , and those exerted by the hot and dense intracluster medium on galaxies moving at high velocity within the overdense region (ram pressure stripping - Gunn & Gott 1972 , viscous stripping -Nulsen 1982 , thermal evaporationCowie & Songaila 1977 , starvation -Larson et al. 1980 . These processes might start to become active well before galaxies entered rich clusters because these large dynamically bounded structures have been formed through the accretion of smaller groups of galaxies (pre-processing; Dressler 2004 ).
The identification of the dominant environmental process affecting galaxy evolution can be done through the statistical comparison of the physical properties of galaxies in a wide range of densities, from the core of rich clusters, compact and loose groups, down to the field, cutting the studied samples in slice of redshift to trace the time-evolution of the effects. Indeed, these processes act on different timescales and are characterised by efficiencies that depend on the density of galaxies and of the intergalactic medium, the velocity dispersion within the structure, and the mass of galaxies. The identification of the perturbing process can also be done through the comparison of the radial and kinematic properties of the perturbed galaxies with the predictions of tuned models and simulations.
Thanks to its proximity (∼ 17 Mpc, Gavazzi et al. 1999; Mei et al. 2007 ) and to its unrelaxed structure indicating its still undergoing formation, the Virgo cluster has become the ideal target in the local universe for the study of the effects of the environment on galaxy evolution. The advent of large panoramic detectors made possible the observations of the whole Virgo cluster region in the optical bands by the NGVS survey (Ferrarese et al. 2012) , in the 21 cm HI line by ALFALFA (Giovanelli et al. 2005) , and in the infrared by Herschel (The HeViCS survey, Davies et al. 2010) . We have recently completed a UV survey of the cluster over ∼ 300 deg.
2 using the GALEX space observatory (the GUViCS survey; . UV data are of particular interest to trace the content and distribution of the young stellar populations in late-type galaxies (e.g. Kennicutt 1998; Boselli et al. 2009 ), while the one of very evolved stars in quiescent systems (O'Connel 1999; Boselli et al. 2005a) . For these reasons the UV data are critical to trace short-term variations in the star formation activity of late-type systems as those encountered in galaxies freshly infalling in rich clusters (e.g. Boselli et al. , 2008a Boselli et al. ,b, 2014a ). The UV data extracted from this survey have been recently published in Voyer et al. (2014) , and the study of the physical properties of Virgo cluster galaxies derived from a multifrequency analysis in Boselli et al. (2014a) . In two other companion papers we presented the study of the extraplanar star formation activity of a few gas stripped galaxies in the cluster (Boissier et al. 2012) , and of the diffuse Galactic emission of the UV scattered light in the Virgo direction (Boissier et al. 2015) . In the present work we derive and study the UV luminosity function of the Virgo cluster and its surrounding regions. This work is thus an extension of the study presented in , where the UV luminosity function was derived only for the central 12 deg.
2 . The luminosity function is a statistical tool widely used to study the mean properties of large samples of galaxies. Often used in other wavelengths domains, it has been derived at rest frame in the GALEX UV bands only for the general field (Wyder et al. 2005) and for a few other nearby clusters (Coma, Cortese et al. 2008; Hammer et al. 2012; A1367, Cortese et al. 2005 Shapley, Haines et al. 2011 ). Compared to these previous works, the UV luminosity function derived from the GUViCS survey has the major advantage of including a significant larger number of objects with direct redshift measurements, of sampling a much wider range in galaxy density, from the core of the cluster out to the periphery (∼ 2 R vir ), and of including the dwarf galaxy population (NUV -11.5 mag). Dwarf systems are of particular interest in the study of the effects of the environment on galaxy evolution since they are fragile objects easily perturbed just because of their shallow potential well (e.g. Boselli & Gavazzi 2014 ). The paper is structured as follows: in section 2 we describe the dataset used in this analysis, while in section 3 we explain the different techniques used to identify Virgo cluster members. The UV luminosity function is derived in section 4 and analysed in the framework of galaxy evolution in rich environments in section 5.
The data
The GUViCS survey has covered the Virgo cluster in the region between 12h ≤ R.A ≤ 13h and 0 o ≤ dec ≤ 20 o . In this region the sky coverage is 94 % (Boselli et al. 2014a) at the depth of the AIS, where the completeness is 20 magnitude, and 65 % at the depth of the MIS (21.5 mag)
1 . Unfortunately, because of a failure of the FUV detector, this survey has been completed only in the NUV. The analysis presented in this work will thus be limited to this band. The number of NUV detected sources in the covered region is more than 1.2 millions (Voyer et al. 2014) . These are Milky Way stars, nearby galaxies and background sources. To construct the NUV luminosity function of the Virgo cluster and of its surrounding regions we have to count the number of galaxies in a given volume down to a limiting magnitude. For consistency with our previous works we consider as Virgo members those galaxies with a recessional velocity vel ≤ 3500 km s −1 . This limit has been chosen to include all the objects belonging to the different cluster substructures and their surrounding regions (e.g. Boselli et al. 2014a) . As limiting magnitude we adopt NUV=20 mag. Down to this magnitude, the catalogue is 100% complete over the ∼ 300 deg.
2 covered by the survey. Voyer et al. (2014) provide integrated magnitudes for extended sources (UV-VES catalogue) included in the widely known catalogues of nearby galaxies (NGC, UGC, IC, VCC, ...), for a total of 1770 galaxies. These magnitudes have been extracted with the FUNTOOLS analysis package on DS9 using manually defined apertures adjusted to fit the full UV profile of each traget galaxy. The same procedures have been adopted for all the sources identified as Virgo cluster members using spectroscopic redshifts. These procedures are necessary for extended sources where the automatic GALEX pipeline often does not recognise the extended nature of the galaxies from the pointlike structure of HII regions, galaxy nuclei or complex high surface brightness features present in star forming systems. For the other sources, NUV fluxes have been taken from the catalogue of point-like objects (UV-VPS) of Voyer et al. (2014) . Down to the limiting magnitude of NUV=20 mag this catalogue includes 33026 objects. These are generally faint objects, where the NUV magnitudes extracted from the pipeline are accurate enough for the purpose of this work. Indeed, as clearly shown in (Fig. 7) , the difference between extended magnitudes and those extracted from the standard GALEX pipeline optimised for point-like sources is 0.3 mag whenever NUV 17 mag. UV magnitudes are corrected for Galactic attenuation using the Schlegel et al. (1998) map combined with the Fitzpatrick & Massa (2007) extinction curve. Given the high Galactic latitude of the Virgo cluster, these corrections are low (A(NUV) 0.4 mag; Boissier et al. 2015) .
For all galaxies at the distance of Virgo (vel ≤ 3500 km s −1 ) we also extracted 22 µm WISE fluxes necessary for the dust internal attenuation corrections. These fluxes have been extracted from the original WISE fits images with the same procedures used for the UV data, consistently with Boselli et al. (2014a) .
The dust extinction correction is done following the prescription of Hao et al. (2011) . NUV corrected data are used to estimate the star formation rate in star forming galaxies using again the prescription of Hao et al. (2011) .
Distances are necessary to calculate absolute magnitudes. For consistency with our previous works, distances are determined assuming the mean distance of the different cluster subgroups (see Table 3 in Boselli et al. 2014a ). Galaxies at the periphery of the cluster are all assumed at 17 Mpc, the distance of the main body of Virgo.
The identification of Virgo members
The construction of the NUV luminosity function needs first the identification, among the UV detections with NUV ≤ 20 mag, of all galaxies at the distance of Virgo. This is done using spectroscopic redshift whenever available (see sect. 3.1), while photometric relations (sect. 3.2) or statistical considerations otherwise (sect. 3.3).
Identification based on spectroscopic data
Voyer et al. (2014) has cross-matched all the UV detections with the spectroscopic catalogues available on the net (NED 2 , SDSS DR9
3 ). For these objects the spectroscopic information can be easily used to identify Virgo members (vel ≤ 3500 km s −1 ). Out of the 1770 galaxies listed in the extended source catalogue, 688 galaxies match these criteria. There are, however, 34 extended galaxies with NUV ≤ 20 mag but without any redshift information. Among these, we identify the possible cluster members using the same procedures adopted for the other galaxies included in the UV point source catalogue (see below).
As previously mentioned, down to NUV ≤ 20 mag the majority of the point-like detected objects are not Virgo cluster members but rather Galactic stars and background sources. Given the poor angular resolution of the GALEX images (∼ 4-5 arcsec), the separation of point-like stars from extended galaxies requires the use of optical images of better quality. Considering the typical UV-optical colour magnitude relation of galaxies in the Virgo cluster (e.g. Boselli et al. 2014a) , a cut at NUV = 20 mag roughly corresponds to a cut in the SDSS g band of ∼ 19 mag for the blue star forming objects and g ∼ 16 mag for the quiescent dwarf ellipticals. At this depth the SDSS is complete both in terms of total magnitude and surface brightness and can thus be used for this purpose. Indeed, out of the 33026 GUViCS point-like sources with NUV ≤ 20 mag, 32277 (98%) have an optical counterpart in the SDSS (the 749 objects without a SDSS counterpart are mainly ghosts of saturated stars, HII regions in resolved galaxies, or multiple systems unresolved in the UV images). About one third of these (7532) are photometrically identified as galaxies in the SDSS (SDSS phot ObjType=3). We have cross-matched these 7532 objects with the SDSS DR12 spectroscopic catalogue, with NED, and with eBOSS through the DR12 SDSS finding chart tool. Spectra are available for 5620 galaxies (75% of the sample). Their optical image on the SDSS DR12 finding chart revealed, however, that a significant fraction of them are bright stars. Generally saturated, they are extended on the SDSS image and thus missclassified as galaxies by the automatic SDSS pipeline. Among the bona fide galaxies of the UV-VPS catalogue of Voyer et al. (2014) of these, however, are left out of the sample because their NUV magnitude determined using our ad-hoc procedures for extended sources are below the limiting value of NUV = 20 mag. The resulting sample of Virgo cluster members determined using spectroscopic data consists thus of 808 galaxies.
Identification using optical NGVS scaling relations
The identification of Virgo members among those objects without any spectroscopic data is critical in the determination of the luminosity function. The membership criteria adopted by the NGVS, fully described in Ferrarese et al. (2015) , give the probability that a galaxy belongs to Virgo according to its location in a multi-parameter space defined by a combination of galaxy structural parameters, photometric redshifts (Raichoor et al. 2014) , and an index measuring the strength of residual structures in images created by subtracting from each galaxy a best fitting Sersic model. The exact combination of axes in this space was selected to allow for maximum separation of known (mostly spectroscopically confirmed) Virgo members and background sources, the latter identified in control fields located at three virial radii from the cluster centre. The NGVS covers 104 square degrees, and its entire footprint is mapped by GUViCS. We thus cross-matched the GUViCS UV-VPS catalogue with the NGVS catalogue of Virgo members identified using their photometric parameters and found 10 UV sources identified as Virgo members in the NGVS. We assume all these objects at a distance of 17 Mpc, the typical distance of Virgo and of its surrounding regions. The depth of the NGVS survey, which is 3 mag deeper than the SDSS in terms of surface brightness sensitivity, guarantees that all UV detected galaxies down to NUV ≤ 20 mag have an optical counterpart.
Identification using statistical estimates oustide the NGVS footprint
The NGVS covers Virgo out to one virial radius, for a total of 104 square degrees. To identify Virgo members in the GUViCS areas beyond the NGVS boundaries, and in the absence of spectroscopic information, we must therefore resort to statistical arguments. In the GUViCS UV-VPS catalogue there are 1884 UV galaxies without any membership information. We drop those located within the NGVS footprint, reducing the sample of objects with no available membership information to 1155 sources. We then use three different statistical methods to estimate the number of potential members among these galaxies.
Statistical correction based on NGVS results
If 10 galaxies with no redshift in the NGVS footprint (104 deg.
2 ) are identified as Virgo members using criteria adopted by the NGVS, and the density of galaxies is conserved over the surveyed region, 20 extra objects are expected to be present in the remaining ∼ 200 deg.
2 covered by GUViCS. Since the NGVS observed the central region of the cluster, where the density is at its maximum, this number should be considered as an upper limit.
Statistical correction based on redshift measurements
Out of the 5620 galaxies in the VPS catalogue of Voyer et al. (2014) with spectra in the 300 deg.
2 of the GUViCS survey only 125 have vel ≤ 3500 km s −1 . If we assume that the same ratio of members/background galaxies is conserved among those objects without any spectroscopic information (1884), we would thus expect 42 new members. This number drops to 30 if we limit this comparison in the region located outside the NGVS footprint corresponding to the cluster periphery (90/3452).
Statistical correction based on GALEX-SDSS scaling relations
An alternative method for identifying possible members has been first proposed by . For the same reasons given above, cluster galaxies populate different regions in the optical and UV surface brightness vs. observed magnitude relations and can thus be discriminated using their photometric parameters. Unfortunately the relations proposed by are not sufficiently accurate to identify Virgo members among quiescent dwarf galaxies such as those located in the central 12 deg. 2 analysed in that work. Here we propose an alternative technique based on three different scaling relations (Σ(r) vs. r mag; g − i vs. NUV − g, NUV − i vs. i mag, where Σ(r) is the mean surface brightness within the half-light radius 4 ) 5 which we demonstrate to be fairly efficient at rejecting a significant number of background objects also among star forming systems such as those detected in the outer regions of the cluster (see Fig. 1 ). Despite their relative low scatter, these relations are unfortunately not sufficiently accurate for an unambiguous identification of cluster members and thus need to be combined with statistical tests. These scaling relations are determined using either the Extended Virgo Cluster Catalogue (EVCC, Kim et al. 2014) or the GUViCS catalogue of galaxies analysed in Boselli et al. (2014a) . The EVCC catalogue has been chosen because it includes galaxies at the same distance as Virgo (vel ≤ 3000 km s −1 ), it has both star forming and quiescent galaxies, and provides structural parameters comparable to those listed in the GUViCS point-like catalogue of Voyer et al. (2014) . The EVCC catalogue is used to determine the Σ(r) vs. r apparent magnitude relation. Unfortunately the EVCC catalogue does not include UV magnitudes and thus cannot be used in the g − i vs. NUV − i colour-colour and the NUV − i vs. i relations. For these UV based relations we use as comparison sample the one composed of Virgo cluster galaxies analysed in Boselli et al. (2014a) . Galaxies are separated according to their morphological type (early-from late-type) and atomic gas content. For consistency, the Virgo cluster sample is limited to NUV ≤ 20 mag. Figure 1 shows that: a) a number of sources identified by the standard SDSS pipeline or by our visual inspection of the SDSS finding charts as galaxies are saturated stars. They have r-band surface brightnesses ∼ 5 mag brighter than those of typical galaxies of similar magnitude, but are rather comparable to those of stars. We identify as possible members in the Σ(r) vs. r mag plot all galaxies satisfying the condition Σ(r) > 0.5×r+12.4. We recall that this criterion is different and less strict than the one used in Boselli et al. (2014a) (the number of rejected objects is relatively small). This difference is due to the fact that in the inner 12 deg.
2 at faint magnitudes the population of Virgo members is strongly dominated by dwarf ellipticals with red colours. Thus the difference in Σ(r) with background star forming galaxies was more pronounced than in the present sample, which includes local star forming systems at the periphery of the cluster. b) all Virgo cluster members avoid the region above the
These regions are populated mainly by background sources. c) the sharp cut in the NUV − i vs. i colour-magnitude relation is due to the adopted cut in NUV. This relation, however, shows that all identified members have observed i magnitudes ≤ 18.
These relations can be combined with a limit on the photometric redshift, accurately determined on these bright sources, to reject background galaxies. This is done by removing all objects with z photNN ≥ 0.1, where NN stands for the Neural Network (NN) photometric redshift definition (D'Abrusco et al. 2007 ). This cut in photometric redshift, which corresponds to the one adopted by for the rejection of background galaxies in the inner 12 deg.
2 of the cluster, has been chosen to maximise the number of background rejected objects and minimise the exclusion of possible members. With this new selection criteria, the sample of possible members outside the NGVS footprint drops to 264 objects. The number of spectroscopically confirmed Virgo galaxies satisfying the same photometric criteria is 75/90 (83.3%), while that of members over background objects 75/1636 (4.6%). We thus expect that 15 out of the 264 galaxies satisfying the criteria are at the distance of Virgo.
The applied statistical correction
The three statistical methods described above give consistent results. We thus include 15 extra objects to those already selected spectroscopically (see sect. 3.1) or using NGVS data (sect. 3.2) in the determination of the NUV luminosity function. The distribution of the 264 galaxies selected according to Fig. 1 is used to make the appropriate statistical correction as a function of the NUV absolute magnitude in the determination of the NUV luminosity function (see Fig. 2 ). These 15 galaxies are all assumed to be at a distance of 17 Mpc. Obviously the correction is more important at faint luminosities. Figure 1 also shows that these statistically added galaxies, all located in the outer regions of the cluster, have blue colours.
The resulting sample is thus composed of 808 spectroscopically confirmed sources, 10 objects identified at the distance of the Virgo cluster using NGVS based scaling relations, and 15 extra objects added for statistical considerations, for a total of 833 galaxies. This indicates that the determination of the NUV luminosity function is very robust against statistical uncertainties, making the Virgo cluster the ideal target for such studies in the nearby universe (e.g. Rines & Geller 2008) .
Possible biases
The identification of galaxies through automatic pipelines is first done on surface brightness criteria. Low surface brightness, extended systems are hardly detectable even if their integrated magnitude is above the limiting magnitude requested for the completeness of the survey. These systems might thus be potentially missed in the GUViCS survey. This effect, however, should be limited because 65% of the Virgo cluster region has been mapped at the depth of the GALEX MIS (∼ 1500 sec), where the completeness limit of 22.7 mag (Morrissey et al. 2007 ) is Fig. 1 . The Σ(r) vs. r (upper row), g − i vs. NUV − g (middle row), and NUV − i vs. i (lower row) scaling relations used to identify Virgo cluster possible members. Left panels: scaling relations of spectroscopically confirmed Virgo members included in the extended source GUViCS catalogue. The black empty squares indicate the local EVCC galaxies. The red, cyan, and blue empty circles in the middle and lower panels indicate the early-type and late-type galaxies, these last selected according to their HI-gas content (HI-def≤ 0.4, blue symbols; HI-def> 0.4, cyan symbols). The black solid lines indicates the limits in the different scaling relations used to identify possible Virgo cluster members. Central panels: relations drawn when all optically identified galaxies with NUV < 20 mag from the GUViCS VPS catalogue are included. Stars, plotted only in the central upper panel, are indicated with a brown open circle. VPS galaxies with vel ≤ 3500 km s −1 are indicated with magenta filled dots, spectroscopically confirmed background sources with filled yellow triangles, while potential members with photometric redshift ≤ 0.1 with green empty circles. Right panels: scaling relations of spectroscopically confirmed Virgo members (as in the left panels) with candidate members from the VPS catalogue selected using the criteria given in sect. 3.3.3 (green empty circles). All these relations are determined using UV data corrected for Galactic dust attenuation.
significantly deeper than the one adopted in this work. At this depth low surface brightness features can be detected down to ∼ 28.5 mag arcsec −2 (e.g. Boselli et al. 2005b ). Furthermore, Voyer et al. (2014) have systematically checked the UV images of all the optically selected VCC galaxies. The analysis presented in revealed that most of the UV detected galaxies used to construct the UV luminosity function down to NUV = 21 mag in the central 12 deg.
2 of Virgo (1 mag below the UV limit adopted in this work) have a counterpart in the VCC catalogue. This central region, however, is dominated by quiescent galaxies with red colours, thus bright in the optical bands if detected in the NUV. None of the three extremely low surface brightness extended galaxies (Σ(g) ∼ 28 mag arcsec −2 ) recently discovered by Mihos et al. (2015) in the core of the Virgo cluster has been detected by GALEX. Given their total magnitude (g 17 mag), and the typical colour of quiescent dwarf ellipticals (NUV − g 3 mag), we would expect that their total NUV magnitude is 20 mag, thus below the limiting magnitude adopted for the determination of the UV luminosity function. Less extreme objects such as those observed in Coma by van Dokkum et al. (2015) and Koda et al. (2015) are easily detected by the NGVS and are thus considered in the NUV vs. optical cross-identification. The NGVS footprint largely overlaps with the VCC region, and has been observed in four photometric bands (ugiz) at a point-source depth of g ∼ 25.9 mag and a surface brightness limit Σ(g) ∼ 29 mag arcsec −2 (Ferrarese et al. 2012 ). This limit in surface brightness is roughly 4 mag below the one reached by the VCC (Ferrarese et al. 2012) . Among the UV detected galaxies with NUV < 20 mag, 43 objects identified as Virgo members from spectroscopic measurements or using the NGVS scaling relations have an optical counterpart in the NGVS but not in the VCC. Outside the NGVS footprint optical data are available from the SDSS. Its sensitivity in surface brightness is ∼ 26 mag arcsec −2 , thus ∼ one mag better than the VCC. At the depth of the present survey (NUV < 20 mag) most of the UV detected sources have a counterpart in the SDSS (98%, see previous section), it is thus likely that the number of Virgo cluster galaxies without an optical counterpart missed in the present analysis is low. A rough estimate of this number can be derived thanks to the NGVS. If the density of galaxies is conserved all over the GALEX surveyed region, and if we assume that the sensitivity of the VCC is comparable to that of the SDSS, we expect to miss 86 galaxies (2 × 43). Once again this number should be considered as an upper limit because i) the density of galaxies significantly drops outside the central regions of the cluster, and ii) the SDSS is ∼ 1 mag in surface brightness more sensitive than the VCC. Furthermore, this number is comparable to the number of galaxies statistically added in the previous section (15). We thus expect that the number of faint galaxies missed for their low surface brightness in UV is small compared to the total number of galaxies.
Another possible source of uncertainty is the presence of extremely compact extragalactic sources erroneously identified as stars in the SDSS optical images whose typical resolution is of the order of ∼ 1 arcsec. Typical examples are the ultra compact dwarf galaxies (UCDs), a population of extragalactic sources with characteristics in between those of compact elliptical galaxies and globular clusters (Hilker et al. 1999; Drinkwater et al. 2000; Zhang et al. 2015) . These sources, however, have NUV apparent magnitudes below the NUV = 20 mag limit because of their relatively red colours ) and should not be counted in the determination of the NUV luminosity function of Virgo. Blue compact dwarf galaxies (BCD), characterised by an intense activity of star formation, have angular dimensions of 10 arcsec at the distance of Virgo and are thus fully resolved by the SDSS. They are thus included in the present analysis.
The NUV luminosity function
4.1. The NUV luminosity function of the whole cluster Figure 3 shows the NUV luminosity function of the whole cluster determined over the 300 deg.
2 of the GUViCS survey. The number of galaxies per bin of absolute NUV magnitude 6 are given in Table 1 . Given that the virial radius R V of cluster A, the main substructure composing Virgo, is 5.38 degrees (McLaughlin 1999; Ferrarese et al. 2012 , corresponding to 1.60 Mpc at the distance of 17 Mpc), this luminosity function is representative of the cluster up to ∼ 1.8 virial radii. For comparison with other clusters we recall that the core radius of Virgo is of 0.45 o (130 kpc; . We fit the data with a Schechter function with parameters given in Table 4 . Following Ilbert et al. (2005) we use the MINUIT package of the CERN library (James & Roos 1995) to minimise the likelihood (MIGRAD procedure), to obtain the non-parabolic error for each parameter (MINOS procedure), and the error contour α -M * (MNCONT procedure). The parameters of the fit are compared to those determined for the central 12 deg.
2 of Virgo by , for other clusters and for the field in Fig. 4 .
The NUV luminosity function of Virgo is well fitted by a Schechter function with M * = -17.56 and α = -1.19. These values are close to those determined in the central 12 deg.
2 by , but are significantly different from those determined in Coma (Cortese et al. 2008 , Hammer et al. 2012 ), A1367 (Cortese et al. 2005) , in the Shapley supercluster (Haines et al. 2011) , or in the field (Wyder et al. 2005) . The slope of the faint end of the NUV luminosity function of Virgo (α = -1.19) is significantly flatter than the one of Coma, A1367, or the Shapley supercluster (α -1.5/-1.6) as first noticed by . The slope is however comparable to the one determined in the field (α = -1.16; Wyder et al. 2005) . M * is ∼ 1 mag fainter than in Coma, in the Shapley supercluster, and in the field, and 2 mag fainter than in A1367. . The different luminosity functions have been normalised to ∼ the same number of objects above the completeness limit of each cluster for a fair comparison. The vertical arrow shows the completeness limit of the present survey (NUV = -11.45).
The luminosity function in the different cluster substructures
The comparison of the properties of the luminosity function determined in different environments, from the cluster periphery to the densest regions in the core of the cluster, are useful to constrain statistically the role played by the environment in shaping galaxy evolution. The determination of the statistical properties of the different cluster substructures, accreted at different epochs, is important to understand the role of pre-processing in the transformation occurring in cluster galaxies.
Cluster A vs. periphery
Thanks to the large number of objects we can determine the NUV luminosity function separately for the core of the cluster and for its periphery. Consistently with Boselli et al. (2014a), we select galaxies within cluster A as those objects with vel < 3500 km s −1 and with an angular distance from M87 < 2.692 o , corresponding to half its virial radius. The periphery is composed by all galaxies with vel < 3500 km s −1 and an angular distance from M87 > 6.1 o (> 1.1 virial radii from the main body of the cluster). The NUV luminosity functions of cluster A and of the cluster periphery, whose values are given in Table 2 , are fitted with a Schechter function and compared in Fig. 5 , while the fitted parameters are given in Table 4 . The fitted parameters for cluster A and for the periphery are compared to those determined for the whole cluster and for other clusters in Fig. 4 .
Figures 4 and 5 and Table 4 show that the NUV luminosity function, as in Coma (Cortese et al. 2008) , does not significantly change from the core of cluster A to the cluster periphery outside 1.1 R vir .
The other cluster substructures
The luminosity function of the main body of the cluster (cluster A) determined within half of the virial radius R vir , and that of the cluster periphery ( 1.1 R vir ) can also be compared to those determined for the other cluster substructures. This can be done only for cluster B and W cloud, which have a sufficient number of objects. To increase the statistics in the remaining substructures, we combine their data according to the general properties of their members as determined in Boselli et al. (2014a) . We thus combine cluster C and W' cloud, which are dominated by quiescent objects, while the M cloud with the low velocity cloud (LVC) which, on the contrary, are mainly composed of star forming systems. The comparison of the different NUV luminosity functions is shown in the lower panel of Fig. 5 and in Fig. ? ?, while the fitted parameters are given in Table 4 . Despite the poor statistics, the comparison of the different luminosity functions suggests that these substructures have a flatter slope at the faint end than cluster A or the field. These trends, however, should be confirmed on stronger statistical basis.
The luminosity function as a function of morphological type
The sample can also be cut in different subclasses according to the morphological type of galaxies. This can be done either using the accurate morphological classification given in the VCC or in the EVCC (Kim et al. 2014) , or using the colour of galaxies as done in Boselli et al. (2014a) . Consistently with our previous work we select galaxies belonging to the red sequence, the green valley, and the blue cloud according to their location in the M star vs. NUV − i diagram using the same selection criteria given in Boselli et al. (2014a) . We prefer to select galaxies according to a quantitative colour-stellar mass relation rather than to a subjective morphology classification mainly because of the physical interpretation of this diagram in the framework of galaxy transformation in high-density environments (see Boselli et al. 2014a for details). Figure ? ? shows the NUV luminosity function of the whole cluster separately for galaxies belonging to the red sequence, the green valley, and the blue cloud. The values are given in Table  1 , while the parameters of the best fitted Schechter functions are given in Table 4 and compared in Fig. ? ?. Figures ?? and ?? , and Tables 1 and 4 , consistently indicate that at the bright end the NUV luminosity function of the Virgo cluster is dominated by late-type galaxies (the difference in M * between blue and red galaxies is of ∼ 1 mag), while the increasing number of galaxies at the faint end is mainly due to the red quiescent galaxy population, as already found in other clusters (Cortese et al. 2005 (Cortese et al. , 2008 . Indeed the slope of the early-type red galaxies (α = -1.37) is significantly steeper than the one of the star forming systems within the blue cloud (α = -0.94).
The comparison between the different morphological classes can also be done separately for galaxies located within cluster A and at the periphery of the cluster ( Fig. 9 ; Table 1 ). The limited number of galaxies prevents an accurate determination of the parameters of the Schechter function for early-type galaxies in the periphery of the cluster.
Despite a significant decrease of the total number of objects, the shape of the NUV luminosity function of red galaxies does not change significantly between cluster A and the periphery. A Kolmogorov-Smirnov test indicates that the probability that the cluster A and the cluster periphery early-type galaxy distributions are driven by the same parent distribution is 11%. Important variations are instead observed in the NUV luminosity function of blue galaxies. Evident is the change in the slope at faint luminosities, from α = -1.10 in the outskirts of the cluster to α = -0.76 in the core of cluster A. In the cluster periphery the NUV luminosity function is dominated by blue galaxies at all luminosities (notice that the value of α = -1.10 determined for this category of objects is very close to the one derived in the field by Wyder et al. (2005) ), while in the core of the cluster is dominated by the steep rise of red early-type dwarf galaxies below NUV > -14 mag (α = -1.25). This result does not necessary contradicts what found in the Coma cluster, i.e. that the shape of the NUV luminosity function of early-and late-type galaxies does not change in the clustercentric distance range 0.5 o < R < 2 o (Cortese et al. 2008) . Indeed, once considered in terms of virial radii, this range (0.3 < R/R Vir < 1.2) does not match with the one considered in this analysis (cluster A: R/R Vir < 0.5; cluster periphery: R/R Vir > 1.1).
The star formation rate
The UV emission of star forming systems is due to young and massive stars whose life on the main sequence is relatively short. If the star formation activity of galaxies is fairly constant over timescales as long as the typical age of the emitting stars (stationarity conditions), UV luminosities corrected for dust attenuation can be converted into star formation rates (e.g. Kennicutt 1998 Boquien et al. 2014) . The constant of transformation can be determined using different population synthesis models, and depends on the assumed IMF and metallicity (e.g. ). The NUV emission of late-type galaxies is principally due to stars with a typical age of ∼ 150 Myr (Boissier 2013) . These timescales are comparable to the timescales for the observed variations in the star formation activity of cluster galaxies. Indeed, in these objects the interaction with the hostile cluster environment is able to remove, on relatively short timescales (∼ 100-700 Myr, Boselli et al. , 2008a Tonnesen & Bryan 2009 ), a large fraction of the atomic and molecular gas content (Fumagalli et al. 2009; Boselli et al. 2014b ) quenching the activity of star formation. This process is particularly efficient in dwarf systems, where the shallow potential well of the galaxies cannot keep the gas reservoir anchored to the disc even in the central regions. The stationarity conditions required for transforming NUV luminosities into star formation rate are thus not necessarily satisfied. For comparison with other works and keeping in mind this caveat, however, we can try to convert the NUV luminosities corrected for dust attenuation (see sect. 2) into S FR. Because of the reason mentioned above (quenching of the star formation activity of cluster galaxies), using NUV data we expect to overestimate the present day star formation activity of cluster galaxies, in particular in low luminosity objects. Figure ? ? shows the distribution of the star formation rate determined for late-type galaxies in the Virgo cluster region. This distribution has been determined for galaxies in the blue sequence only (upper panel), or for all star forming galaxies (blue sequence and green valley; lower panel) separately for objects situated within cluster A and at the periphery of the cluster. We do not consider here red quiescent galaxies, where the UV emission can be due to evolved stars (e.g. O'Connel 1999; Boselli et al. 2005b ). The SFR luminosity distribution of both the blue sequence and of all the star forming galaxies at the periphery of the Virgo cluster is similar to the one determined for the field using SDSS and GAMA data (Gunawardhana et al. 2013) . It is, however, significantly steeper than the one determined for galaxies located within cluster A, consistent with what shown in Fig.  9 . These distributions are fitted with a Schechter function whose parameters are given in Table 6 .
Discussion
The origins of the differences observed with other clusters and with the field (sect. 4.1) might be several, as already discussed in . They include: a) A different sampling in absolute magnitude for the different clusters and the field. The limiting magnitude in Coma, A1367, and Shapley is only NUV ≤ -14.5 vs. ≃ -11.5 in Virgo. If we limit the comparison with these clusters down to the limiting magnitude of NUV ≤ -14.5 mag, however, we do not observe any significant change in the slope α of the Schechter function Fig. 9 . Upper panels: the NUV luminosity function of galaxies in the Virgo cluster periphery (left, filled dots) and in the core of cluster A (right, empty squares). Red symbols are for galaxies belonging to the red sequence, green symbols for galaxies in the green valley, and blue symbols for galaxies in the blue cloud. Lower panels: the NUV luminosity function of cluster A (empty squares) and cluster periphery (filled dots) galaxies in the blue (left) and red (right) sequences. The red and blue lines give the the best fit Schechter functions derived for the different samples. The different luminosity functions have been normalised to ∼ the same number of objects.
in Virgo. Given the degeneracy between the Schechter parameters α and M * it is difficult to establish whether the position of the knee of the Schechter function is significantly different in the various clusters and in the field or is just due to their steeper slope at the faint end. We recall, however, that clusters such as Coma and A1367 contain a number of gas-rich late-type systems characterised by a strong activity of star formation probably induced by their interaction with the surrounding intracluster medium (Iglesias-Paramo et al. 2004 ). These galaxies have been first discovered by Bothun & Dressler (1986) in the Coma cluster, and are typical of unrelaxed clusters such as A1367. Typical examples are the galaxy CGCG 97-73, 97-79, and 97-87 at the north west periphery of the cluster (Gavazzi et al. 2001) . Similar objects are apparently lacking in Virgo as revealed by the complete Hα narrow band imaging survey of the cluster (Koopmann et al. 2001; Gavazzi et al. 2006) . b) invoked a possible bias in the determination of the UV luminosity function in the central 12 deg.
2 of Virgo because of the lack of bright galaxies in their sample. The region analysed in this work is ∼ 25 times larger and the number of objects has increased by a factor of ∼ 8 with respect to that work, making our determination of the NUV luminosity function robust. c) Possible radial effects in the galaxy distribution. The Coma cluster NUV luminosity function of Cortese et al. (2008) has been determined over an area of 25 Mpc 2 but avoiding the core of the cluster because of the presence of bright stars saturating the detector. On the contrary the NUV luminosity function of A1367 is limited to the central ∼ 2 Mpc 2 , corresponding to ∼ 0.37 R V . The properties of the fitted Schechter functions of these two clusters, however, are very similar, as depicted in Figs. 3 and  4 . If limited to the infalling region in the south west of Coma, where UV data are available for galaxies down to NUV = -10.5, Hammer et al. (2012) determined a slope α = -1.39, slightly flatter than the one determined by Cortese et al. (2008) in the outer regions but still significantly steeper than the one determined in this work. Furthermore, we have shown that the shape of the fitted Schechter function does not change significantly from the core to the periphery of the cluster, corroborating the idea that radial effects are not important. d) The determination of the slope of the UV luminosity function at the faint end strongly depends on poorly constrained statistical corrections in clusters other than Virgo (e.g. Rines & Geller 2008; see Fig 2) . At the limiting observed magnitude of 21 mag in the NUV used by Cortese et al. (2008) not all galaxies have an optical counterpart necessary for the star-galaxy identification on the SDSS (Voyer et al. 2014 ). In the Coma cluster and in the Shapley supercluster the completeness in redshift is present only down to NUV = -17, and drops to 20% at the limiting absolute mag of NUV = -14 (Fig. 2) . In Hammer et al. (2012) the UV selected galaxies (NUV ≤ 24.5 mag) must have a SDSS optical counterpart with r ≤ 21.2 mag. With this condition all star forming objects are automatically excluded by the sample. Although we cannot exclude real differences in the luminosity distribution of galaxies within these clusters, which are known to be characterised by different intrinsic properties (relaxation state and presence of substructures, spiral fraction, density of the intracluster medium and X-ray properties), it is conceivable that part of the observed differences results from the uncertain statistical corrections required in clusters more distant than Virgo.
The NUV luminosity function determined in this work can also be compared to those obtained at other frequencies in the Virgo cluster. As summarised in Boselli & Gavazzi (2014) , these are now available only in optical bands (Sandage et al. 1985, photographic B-band; Trentham & Hodgkin 2002, Bband; Rines & Geller 2008, r-band; Lieder et al. (2012), V-and I-bands) . We can compare our results to those obtained by Rines & Geller (2008) in the r-band within 1 Mpc from M87 since their sampled region fairly corresponds to the cluster A definition adopted in this work (< 0.8 Mpc) . Furthermore both works use membership criteria based on spectroscopic redshifts and are thus only marginally affected by statistical corrections. The fit with a Schechter function done by Rines & Geller (2008) gives M * R = -21.32 and α = -1.28. Considering a typical NUV − r colour of ∼ 5.5, 4.5, and 3.5 mag for massive red sequence, green valley, and blue cloud galaxies as derived from the NUV − i colour-magnitude relation of Boselli et al. (2014a) and the typical r − i colours of nearby galaxies (Fukujita et al. 1995) , we can tentatively transform the NUV luminosity function of cluster A given in Table 4 in a r-band luminosity function. We thus expect that the derived r-band luminosity function is dominated by the early-type galaxy population with M * r and α values close to those obtained by Rines & Geller (2008) . We recall, however, that this is a very crude approximation since i) the colour of galaxies is luminosity-dependent and ii) the r-and NUV-bands are sensitive to very different stellar populations thus selection effects should be important.
The variations of the NUV luminosity function with morphological type and cluster location can be analysed in the framework of galaxy evolution in high-density environments (see , 2014 for a review). The fact that the NUV luminosity function does not change significantly in terms of faint end slope going from the cluster core (≤ 0.5 R vir ) to the outskirts ( 1.1 R vir ) and to the field, suggests that whatever perturbing mechanism is acting on low luminosity galaxies entering the cluster, this does not change their number per unit NUV luminosity. The interpretation of this observational result, however, is not straightforward since the different environmental processes can modify in a complex way both the number of objects and the luminosity of the perturbed galaxies. As a first indication we would be tempted to exclude for Virgo the combined effect of dwarf tidal disruption in the core of the cluster and galaxy harassment invoked by Popesso et al. (2006) , Barkhouse et al. (2007) , and de Filippis et al. (2011) to explain the observed flattening in the core and the steepening in the periphery in the optical luminosity function of nearby clusters. Indeed, we do not observe in Virgo any radial variations of the luminosity function both in the NUV and in the r-band (Rines & Geller 2008) . On the contrary, our results seem consistent with a mild transformation of star forming systems into quiescent dwarf elliptical galaxies after a rapid ram pressure stripping event as first proposed by Boselli et al. (2008a,b) . Because of their shallow potential well low luminosity star forming galaxies easily lose their gas because of ram pressure stripping and quench their activity of star formation on timescales of 1 Gyr. This happens at the periphery of the cluster once they encounter the intergalactic medium trapped within the potential of the cluster. Because this timescale is relatively short compared to the crossing time of the cluster (∼ 1.7 Gyr), these newly accreted galaxies are already red when they reach the cluster core (Boselli et al. 2014a ). This effect is consistent with the observed reversed shape of the NUV luminosity function of red and blue galaxies in the cluster core and at the periphery (Fig.9) . It is also consistent with the spectrophotometric, structural (Boselli et al. 2008a,b) , and kinematic (Toloba et al. 2009 (Toloba et al. , 2011 (Toloba et al. , 2012 (Toloba et al. , 2015 properties of Virgo cluster dwarf elliptical galaxies, as extensively reviewed in Boselli & Gavazzi (2014) .
The perturbations induced by the cluster environment on the star formation activity of galaxies are obviously more efficient in low-mass systems than in massive spirals. In massive objects the steep potential well can retain some gas in the inner regions producing radially truncated discs as in the case of NGC 4569 . The timescale necessary for the total ablation of the atomic and molecular gas here is longer than in dwarfs as indicated both by observations and hydrodynamic simulations (Roediger & Bruggen 2007 , Tonnesen & Bryan 2009 , Fumagalli et al. 2009 , Gavazzi et al. 2013a ,b, Boselli et al. 2014a . The observed increasing difference with decreasing star formation rate in the S FR luminosity function of the Virgo cluster shown in Fig. ? ? is a further statistical evidence of this phenomenon.
Conclusion
We have determined the properties of the NUV luminosity function of the Virgo cluster over ∼ 300 deg.
2 (∼ up to 1.8 virial radii) thanks to the GUViCS survey using a complete sample of ∼ 833 galaxies, out of which 808 identified as Virgo members using spectroscopic data and 10 with optical scaling relations, down to the 100% completeness limit of NUV = -11.5. The results of this analysis can be summarised as follows: 1) The NUV luminosity function can be represented by a Schechter function with M * = -17.56 and α = -1.19. M * is ∼ 1-2 mag fainter and the slope significantly flatter than the one found in other clusters. M * is only ∼ 0.8 mag fainter and α comparable to those determined in the field. The difference with other clusters is probably due to the quite uncertain statistical correction necessary to identify members in clusters at distances higher than Virgo.
2) The NUV luminosity function of galaxies of different morphological type as determined according to their position within the NUV −i vs. M star relation is significantly different. Late-type galaxies belonging to the blue sequence dominate the bright end of the luminosity function, while their faint end is very flat α = -0.94). On the contrary, early-type galaxies belonging to the red sequence dominate the faint end (α = -1.37) of the total NUV luminosity function below NUV ≃ -13 mag.
3) The overall properties of the NUV luminosity function determined within 0.5 virial radii of cluster A, the main structure of Virgo, and in the cluster periphery, outside ∼ 1.1 virial radii, are comparable. In the outskirts of the cluster the NUV luminosity function is comparable to the one determined in the field by Wyder et al. (2005) . Here it is dominated down to NUV ≃ -11.5 by blue galaxies, with a mild rise at faint luminosities (α=-1.10). In the cluster core red quiescent galaxies dominate for NUV -15 mag (α = -1.25), while the number of star forming systems significantly drops (α = -0.76). These observed properties of the NUV luminosity function are consistent with a rapid transformation of star forming galaxies recently entered in the cluster environment after a ram-pressure stripping event. sampled by the VCC and the NGVS survey (black filled triangles). The best fit Schechter functions are shown by the magenta dotted, cyan long dashed, and black dotted lines, respectively. The vertical arrow shows the limit of completeness of the luminosity function. Lower panel: the same cluster A and periphery luminosity functions are compared to those determined for cluster B (grey empty stars), W cloud (brown filled triangles), M plus Low Velocity Clouds (dark green empty stars), and cluster C plus W' cloud (orange empty hexagons). The vertical arrows show the different limits of completeness for the different cluster substructures: 17 Mpc for cluster A, cluster C, LVC, and the cluster periphery, 23 Mpc for cluster B and W' cloud, 32 Mpc for W and M clouds. Note: a = 1 virial radius from M87 and M49. 
